Quantum dot-based light-emitting diodes (QD-LEDs) represent a form of light-emitting technology and are regarded like a next generation of display technology after the organic light-emitting diodes (OLEDs) display. QD-LEDs are different from liquid crystal displays (LCDs), OLEDs, and plasma displays due to the fact that QD-LEDs present an ideal blend of high brightness, efficiency with long lifetime, flexibility, and low-processing cost of organic LEDs. So, QD-LEDs show theoretical performance limits which surpass all other display technologies. The goal of this chapter is, firstly, to provide a historical prospective study of QD-LEDs applications in display and lighting technologies, secondly, to present the most recent improvements in this field, and finally, to discuss about some current directions in QD-LEDs research that concentrate on the realization of the next-generation displays and high-quality lighting with superior color gamut, higher efficiency, and high color rendering index.
Introduction
Quantum dots (QDs) have attracted interest in the fields of optical applications such as quantum computing, biological, and chemical applications.
In contradistinction to the traditional fluorophores, QDs have unique optical and electronic features, which comprise high quantum yields, high molar extinction coefficients, large effective Stokes shifts [1, 2] , broad excitation profiles, narrow/symmetric emission spectra, high resistance to reactive oxygen-mediated photobleaching [2, 3] , and are against metabolic degradation [4, 5] .
first TV manufacturer that presented the achievement of this new type of technology called Triluminos quantum dot display technology was Sony in 2013 [13] .
A classic light-emitting diode (LED) is made of some materials that are chosen to emit the required color light and are arranged in layers in a structure named a device stack. The dimension of the total width of this device stack is around 10 μm [21] .
Evolution of quantum dot-based light-emitting diodes
Due to the multiple advantages of using QDs and their applications in optoelectronic instruments like LEDs, the scientists have created quantum dot-based light-emitting diode (QD-LED) with the improved efficiency and flexibility. QD-LED represents the following generation's display technology after OLED displays [20] [21] [22] . QD-LEDs are a form of lightemitting technology for creating large-area displays that could have applications for TVs, cell phones, and digital cameras [15, [20] [21] [22] .
The structure of QD-LED is analogous to the fundamental design of OLED, with the difference that the light emitting is the QDs, such as cadmium selenide (CdSe) nanocrystals [20, 21] .
A classical QD-LED is composed of three layers: one inner layer of QDs as an emissive layer, one outer layer that transports electrons, and one outer layer that transports holes. After applying an electric field on the outside layers, electrons and holes shift in the layer of QD, where they are captured by QD and recombine, emitting photons [22] . Due to the multiple advantages of using the colloidal QDs, the colloidal QDs are a promising way for making QD-LEDs. A great effect of an increased recombination efficiency is obtained by constructing an emissive layer in a single layer of QDs, so that the electrons and holes may be moved directly from the surfaces of electron-transport layer and hole-transport layer [15, 20, 21] . For the definition of the performance of a QD-LED is used the external quantum efficiency (EQE), which is the term that designates the number of photons emitted from the device per electron. For the methodical progress of QD chemistries and active layer designs as well as new device architectures for high-performance QD-LEDs, it is important to discover and to analyze the fundamental causes of inefficiency and to suggest potential solutions [23] .
The investigation of the efficiency of the light generation process in the QD-LEDs is an important criterion for achieving high-performance QD-LEDs [24] [25] [26] .
In 1907, the British scientist named Henry Joseph Round reported light emission from a crystal detector; thus, the idea of light-emitting diode was introduced [27, 28] . In 1927, the Russian researcher Oleg Vladimirovich Losev published a paper about the first light-emitting diode [27, 29] .
In 1955, Rubin Braunstein, who worked at Radio Corporation of America, discovered that some common diodes emit infrared light when connected to a current [30, 31] . Also, Rubin Braunstein and Egon Loebner reported in 1958 a green LED which was realized from a lead antimonde/germanium alloy [32] . In 1962, the researcher Nick Holonyak Jr., who is called as "the father of the light-emitting diode," created the first practical visible-spectrum (red) GaAsP LED at General Electric Company in New York [33] . In 1964, IBM introduced the using of LEDs on circuit boards in an early mainframe computer [31] .
Thomas P. Pearsall reported the first high-brightness and high efficiency LED in 1976, for utilization with fiber optics in telecommunications [34] . Akasaki et al. [35] made the first blue LED in 1992 based on GaN with efficiency of 1%.
Shuji Nakamura realized the first high-brightness blue LED in 1979 at Nichia Corporation laboratory, but it was too expensive for commercial use until 1994 [36, 37] . Then, Shuji Nakamura was awarded the 2006 Millennium Technology Prize for the development of a white LED [38] . The possibility of color displays with blue, red, and green LEDs was advantageously accomplished [39] . Isamu Akasaki, Hiroshi Amano, and Shuji Nakamura have won the Nobel Prize in Physics in 2014 for the invention of the blue LED [40] .
An actual impediment for the development of the performance of the LED is an insufficient understanding of the contribution of some extrinsic elements, such as non-radiative recombination at surface defects versus intrinsic processes, such as multicarrier Auger recombination [41] .
In recent years, there have been a lot of research to enhance the quality of LEDs, so recently were introduced QD-LEDs that have the attractive features which correlate the excited state dynamics of structurally engineered QDs with their emissive performance inside LED.
In this regard, some important results of these efforts are the latest demonstrations of QD-LEDs with achievement surpassing that of fluorescent OLEDs that were seriously investigated for a minimum of two decades [26, 41, 42] .
QD-LEDs not only reduce the consumption of energy but also show high color purity. Studies reported that QD-LEDs exhibit the ability to be more than twice as power efficient than OLEDs at the same color purity [43, 44] . QD-LEDs have the advantages of foldability and their wide application for next-generation electronic displays and optical communication technology [45] .
QD-LEDs exhibit pure and saturated emission colors with narrow bandwidth. In QD-LEDs, the emission color is powerfully directed by the dimension of the used QD due to the confinement effects [44] . It has been proven that QD-LEDs present a 30-40% luminance efficiency advantage above OLEDs for the same color point [43, 44] .
QD-LEDs offer several promising features, such as size-dependent emission wavelength, narrow emission spectrum, high efficiency, flexibility, and low-processing cost of organic lightemitting device [43] . The luminaire manufactural cost is diminished due to the capability to imprint large-area QD-LEDs on ultra-thin transparent or flexible substrates [44] .
Alivisatos and his colleagues realized the first QD-LED in 1994 [46] . This kind of QD-LED is consisted of a common bilayer structure including an indium tin oxide (ITO) anode, plain CdSe QDs, a p-paraphenylene vinylene (PPV) layer, and Mg cathode. Another paper from two research groups at MIT reported a single-layer CdSe-QD-LED with the nanocrystals embedded into an organic polymer matrix [47] . These devices exhibited a very small value of EQEs of 0.001-0.01% [47, 48] and 0.0005% [47, 49] .
In superior performance QD-LEDs, the utilized QDs are core-shell type with some structure gradient from core to shell and with various capping ligands or mixed emitting coats [16, 49, 50] . The researchers found different types of QD-LEDs which are divided into four categories of devices based on their design [16, 49, 50] : type I (QD-LEDs with polymer charge transport coats), type II (QD-LEDs with organic small molecule charge transport coats), type III (QD-LEDs which are composed of inorganic charge transport coats), and type IV (QD-LEDs which contain an inorganic metal oxide semiconductor as the electron transport layer-ETLand an organic semiconductor as the hole transport layer-HTL). In 2002, it was discovered the first type II QD-LED, which was made up of a single monolayer of QDs, was sandwiched between two organic thin films [51] .
A drawback to be mentioned to the previously indicated study [51] is the utilization of the organic charge support layers in QD-LEDs that creates an unwanted contribution to the light emission of the LED. This undesired emission perturbs the color purity when a saturated monochromatic emission is wanted. Several authors have shown that in certain cases the perturbing emission could be eliminated [51] [52] [53] and in other cases, it could be utilized to build an efficacious white QD-LED [54, 55] . The researchers established that the highest efficiency devices with the best construction architecture are QD-LEDs from type IV class. This type of QD-LED is a hybrid tool which comprises an inorganic metal oxide semiconductor such as the ETL and an organic semiconductor such as the HTL.
The usage of the inorganic coat produces substantial advantages for device stability in air [56, 57] and maximum current density, whereas the use of the organic coat provides a great tunability and an easy processing [16] .
In 2007, Anikeeva et al. [58] reported an efficacious spectrally broad electroluminescent QD-LED with spectral emission tunable across the Comission Internationale de l'Eclairage (CIE) color space. More exactly, the authors describe in this paper LEDs with a broad spectral emission which is produced by electroluminescence from a mixed monolayer of red, green, and blue emitting colloidal QDs in a hybrid organic/inorganic QD-LED. Concurrent electroluminescence of numerous color QDs leads to the evolution of tunable LED colors such as white QD-LEDs [58] . The number of QDs colors which can be utilized in a single device is practically boundless; thus, it is possible to obtain higher color rendering and imitate the solar color temperature with the help of QD-LEDs.
Yang and coworkers [59, 60] demonstrated a full range of blue, green, and red quantum dotbased light-emitting devices exhibiting EQEs above 10%. These devices showed low turn-on voltages and saturated pure colors. It has been reported that the values of the lifetimes for the green and red devices are greater than 90,000 and 300,000 h, respectively. NanoPhotonica is a company that offers advanced and original nanomaterials and manufacturing methods which assure for electronic displays to show a high resolution, pure, bright colors, and an improved efficiency for an important low cost of production. In 2015, NanoPhotonica exhibited enhanced efficiency for blue and green QD-LEDs [60, 61] .
The contribution here reported that by using a promising design strategy for QD synthesis and device fabrication methods, a high value of 21% EQE for the green QD-LEDs and a value of 11.2% EQE for the blue QD-LEDs were discovered. The value of 21% EQE in the case of the green QD-LED is the greatest recorded efficiency of any color QD-LED and is the same value as in the case of vacuum-deposited red and green OLEDs utilized in AMOLED display technology which is commercially available [49] .
In the following section, the current status of the applications of QD-LEDs and a summary of the issues concerning the limiting of the applicability of QD-LEDs are discussed.
With the aim of achieving a well-designed QD-LED appropriate for general lighting applications, two relevant criteria such as color rendering index (CRI) and the correlated color temperature (CCT) must be discussed in this case. The CCT represents a measure of the light source color appearance described by the vicinity chromaticity coordinates at the blackbody's locus as a one number rather than the two needed to specify a chromaticity [62, 63] . CRI is defined like the measurement of how the colors look under a light source in comparison with sunlight.
QD-LEDs have already exhibited important advantages in general lighting with higher efficiency and better rendering ability [48, 64, 65] . QD-LEDs have enjoyed a lot of attention as promising devices for next-generation displays. Regarding the usage of QD-LEDs in the area of the display technology, one of the most significant parameters for the characterization of the display devices is color gamut [63] . In this field of applications of QD-LEDs the chromaticity diagrams and color gamut standards in order to measure the purity of the color are utilized.
In this regard, it is noteworthy that the International Commission on Illumination (CIE) created the chromaticity diagram named CIE 1931 color space. QD-LED device represents a competitive backlight resolving for the next-generation LCDs because unlike traditional backlight solutions, the QD backlight provides a larger color gamut with a value more than 115% National Television System Committee (NTSC) in CIE 1931 color space and with a value more than 140% NTSC in CIE 1976 [62, 65] . These evaluation criteria listed above for QD-LEDs devices should be considered to create attractive next-generation display applications and superior quality lighting applications with better color gamut, higher efficiency, and high CRI [62, 65] .
Actual applications of quantum dot-based light-emitting diodes
QD-LEDs have proved impressive outcomes for medical field, lighting, and display applications.
Quantum dot-based light-emitting diodes for phototherapy
In this part, an important and new application of the use of QD-LEDs in phototherapy is summarized [66] . Phototherapy or light therapy consists of the dermal exposure to light for the treatment of the various medical disorders. Light therapy is used to treat the skin disorders (psoriasis, acne vulgaris, eczema, skin cancer, wound healing), neonatal jaundice, circadian rhythm disorders, and tumors. The researchers [66] have created two medical dressings for phototherapy, each of the two medical dressings include an occlusive layer and translucent layer. For one medical dressing, QD-LEDs chips are designed within the occlusive layer and covered with a translucent layer, so as to furnish a characteristic wavelength of light for utilization in phototherapy. The second device, which was discovered by the same authors [66] , consists of an occlusive layer and a translucent layer with QDs that are enclosed in a layer or both layers.
Quantum dots as electroluminescent light sources
Solid-state lighting (SSL) represents another field in energy and environmental sustainability, in which QDs can have a remarkable price and a great advantage compared to the actual state of the art. Therefore, QDs are considered valuable materials for displays that are suitable for the incorporation into SSL technologies as downconversion phosphors or electroluminescent phosphors [49] . In last years, much research has been achieved on QD-LEDs as the optimal choice for SSL applications [49, 67] . The greatest assets of QD-LEDs as electroluminescent light sources for SSL technologies are their low cost, high efficiency production compatibility, flexible and versatile form factors, and the capacity to be a light source spread over a large area than a point light source. There are some performance products of this kind which become a commercial reality. For example, two UK companies [64] named Cumbria LED lighting company Marl and Manchester-based Nanoco (Nanoco is the global leader in the evolution and the fabrication of the cadmium-free quantum dots-CFQD) performed the world's first CFQD quantum dot LED lighting product, the Orion QD. QDs that are produced by Nanoco are cadmium-free, absorb light in a broad wavelength series, comprising blue, and emit at a color conditioned by their dimension. In this case, light is only converted to where it is needed. This type of product finds its application in horticulture because the nanoparticle luminaires produce light comprising blue and red but not green that corresponds to the absorption of the chlorophyll, with none of the light it reflects [49, 68] . Another high-quality example is represented by a device from Zylight, namely the multiple award-winning F8 100 LED Fresnel which is the next generation of Fresnel light and encloses QDs into its fixture [49, 69] . More exactly, in compliance with Zylight, the F8 includes a certain mix of QDs with traditional phosphor and exhibits a value of the CR) of up to 97 and a quality of light adjusted only by traditional sunlight and incandescent bulbs [69, 70] . It is expected that with the progress of the research in the field of electroluminescent QD-LEDs, these devices bring substantial improvements for the SSL industry.
The recent studies conducted on the LED base next-generation lighting show remarkable results in the area of lighting for the energy saving for the world warming prevention. In this regard, Song [71] realized a multifunctional LED light source as investigation about the lighting installation using the QD. Due to the fact that artificial light is utilized in different areas such as the increase of the efficiency lighting, the rise of the growth of plant, and the prevention of the disease, LED is a great choice to be extensively used as artificial light in factory plant. Moreover, this LED mentioned before is an energy saving-device and diminishes the emissions of the greenhouse gas. The author presented the achievement [71] of a manufactured LED lamp by the use of QDs as phosphor, in order to be applied like an illumination technology for plant growth used in a multi-wavelength QD-LED device.
In 2013, Pickett et al. [72] realized an invention that has to do with the QD-LEDs useful for plant, algae, and bacterial growth applications. To overcome the disadvantages of using LEDs, the inventors have suggested the utilization of QD-LEDs as the optimal choice. Thus, the researchers presented in their work that QD-LEDs utilized a primary light source which is a solid-state LED, with blue or UV light, and a secondary light source (which downconverts the primary light) that comprises one or more QD components. In their paper, Pickett et al. [72] described that for the optimization of the plant growth in the agricultural and horticultural field, for the improvement of the process of the growth of algae, and for the stimulation of the photosynthetic bacterial growth in bioremediation goals, the QD-LED lighting systems are utilized. In contrast to the solid-state LED lighting, the QD-LED lighting system offers a less costly choice, emits less heat which could harm the plants and other photosynthetic organisms, can offer a greater light intensity, emits light at wavelengths better geared toward the promotion of the growth of bacteria and algae, thereby minimizing energy losses, and exhibits a high-energy efficiency. Thus, the value of the energy efficiency of QD-LEDs used in this case is in the range of 30-70 lm/W, in contrast to 10-18 lm/W for incandescent bulbs and 35-60 lm/W for fluorescent lamps. Another important advantage of the use of the QD-LED lighting systems is that due to the easy wavelength adjustment of QDs, the emission wavelength of the QD-LED can be simply changed to correspond to a diversity of various photosynthetic bacteria. The QD-LED systems described in this invention can be utilized in a wide variety of applications.
There are two kinds of QD-LEDs, and the dissimilates between these two kinds of QD-LEDs are that the first category is based on photo-excited QDs (photoluminescence QD-LEDs) and the second category of QD-LEDs relies on electro-excited QDs (electroluminescence QD-LEDs) [62] . The most frequently utilized type of QD-LEDs in applications is the photoluminescence QD-LEDs.
Klimov and colleagues [41, 73, 74 ] from the Nanotechnology and Advanced Spectroscopy Team at Los Alamos National Laboratory reported some substantial advances in the domain of the applications of QD-LEDs. Klimov believes that QD-LEDs can probably offer many benefits over traditional lighting technologies, such as incandescent bulbs, particularly in the fields of efficiency, functioning lifetime, and the color quality of the emitted light. Advanced investigations, made by Klimov and his team from Los Alamos, allow that less wasteful fluorescent light sources quickly substitute the incandescent bulbs, which are known for the conversion of only 10% of electricity into light and the loss of 90% of it to heat. The researchers conducted some spectroscopic studies on the QD-LEDs [41, 73, 74] and have shown that the so-called Auger recombination effect has heavily influenced both LED efficiency and the onset of efficiency roll-off at high currents. The team of researchers established two methods that diminished this issue by using hetero-structured quantum dots.
In the last years, there has been much study in the field of LEDs and photovoltaic solar cells (PV SC). Though OLEDs have the guarantee to overcome the traditional LEDs in performance, OLED materials and manufactural processes of them are not sufficiently advanced to offer this economically [75] . By the evolving a hybrid tool, the efficiency can be increased and the manufactural price can potentially be reduced because this hybrid material system is compatible with inexpensive fabrication procedure such as solution processing and rollto-roll deposition and with patterning methods, enabling multicolor light sources to be prepared on the same substrate by replacing the emissive colloidal QD coating [14, 75] .
For example, McCreary developed a hybrid device by combining QDs with conjugated polymers to create a QD-LED. The motivation why this design was chosen is to be able to inkjet print the entire tool, at least the polymer and QD layers [75] . The researcher proposed a structure of the hybrid device which is of type ITO/PEDOT/CdSe QD/Au and is shown in Figure 1(A) [75] .
In Figure 1 (B) the energy bandgap structure for the same tool is presented [75] . [75] . (B) An energy bandgap scheme of the proposed QD-LED and the suggested materials that were used to construct this type of QD-LED [75] .
Also, the same author explained the manufacture of a hybrid LED with the structure ITO/ PEDOT: PSS/PVK/CdSe QD/Alq3/Al [75] . In order to ease proper hole transport and adequate QD coating, the researcher used a PVK/QD composite solution to make a monolayer layer of QDs using phase separation of the solutes in solution.
This physical modeling of hybrid QD-LEDs of this type, such as those mentioned before [75] , makes them applicable to a diversity of hybrid organic QD optoelectronics tools like LEDs, solar cells, photodetectors, and chemical sensors.
Quantum dot-based light-emitting diodes for near-field scanning optical microscopy
QD-LEDs manufactured on silicon have the potential to be used in nanophotonics, optical micro/nanoelectromechanical systems (MEMS/NEMS), and micrototal analysis systems for real-time biomedical screening [21, 76] . QD-LEDs are of considerable interest for new optoelectronic applications such as that which comprise near-field microscopy beyond the diffraction limit, MEMS-based medical endoscopes for sub-cellular imaging, and compact light-on-chip biosensor and biochips [21] .
In his paper, Zhu has investigated the case of a new thin film LED device utilizing nanocrystalline silicon QDs as an emission layer and metal oxide as charge transport layers [77] . Silicon (Si) is notably less costly in comparison with materials like germanium or gallium that are applied for commercial SSL devices and is relatively non-toxic as compared to heavy metal like Cd or Pb. The author developed a thin film LED structure which is based on colloidal silicon nanocrystals using nickel oxide (NiO) and zinc oxide (ZnO) as charge transport layers. The tool that was reported by the researcher is depicted in Figure 2 [77] . ITO represents the anode, and Aluminum (Al) acts as the cathode. The light is produced when electrons and holes radiatively combine in the silicon nanocrystals (ncSi). 
Quantum-dot Based Light-emitting Diodes
Zhu provided an alternative to organic charge transport layers in OLEDs, demonstrating that metal oxide transport layers based on NiO and ZnO are electrically more conductive than organic charge transport layers regularly found in OLEDs.
Nanocrystalline silicon QDs exhibited tunable luminescent colors. In this chapter, the author showed that nanocrystalline silicon QDs represent a feasible, truly benign, and ecological substitute for the heavy metal (Cd, Pb) QDs, without altering in any way the optical properties [77] .
There are a lot of studies that demonstrated a number of procedures of creating QD-LEDs through microcontact printing of QDs on a micromachined silicon probe and resulting in this way a novel generation of highly integrated nano-scale optical fluorescent microscopy [76, 78] . The use of this innovative technology permits to detect the variation of sub-cellular characteristics and to measure the absorption at various wavelengths upon the near-field lighting of individual tumor cells with the aim of the identification of the cancer developmental phase [76] .
Another important work in the same area of applications of QD-LEDs relates to the nearfield scanning optical microscopy (NSOM) areas of modern investigation with a QD-LED incorporated at the tip of a scanning probe. Hoshino et al. [79] proved near-field fluorescence excitation and imaging using a QD-LED integrated at the tip of a scanning probe. Also, because QD-LEDs have unique properties like well-controlled emission wavelength and narrow bandwidth, they represent a great choice as excitation sources for fluorescence imaging.
In other works [80, 81] , the same researchers declared a microcontact printing method which is used to obtain some patterned QD-LEDs on flat silicon substrates. It has been observed that this method is very profitable owing to the connection of the methodology to build siliconbased electronics and MEMS. Hoshino and his team of researchers [79] proved a fluorescence imaging technique, showing that the sensitivity of fluorescence intensity to the QD-LED-QD specimen distance was evaluated down to 50 nm in order. This procedure might be expanded for the unique molecular order measurements [79, 82] .
Zhang et al. [83] described a method for the development of a new near-field scanning probe with sub-diffraction-limit resolution by producing a nanometer-sized light source on a patterned probe tip and for the use of the probe in order to detect the molecular signatures of the tumors of the breast. In this project, the authors presented scanning fluorescence imaging with a nano-scale light-emitting diode incorporated at the tip of a silicon microprobe. More accurately, the researchers constructed and studied the QD-LED for bioimaging applications and examined the fluorescence imaging with the on-probe nano-scale QD-LED. It has been shown that QD-LEDs function like near-field excitation sources to enlighten fluorescently labeled cancer cells such as breast cancer cells named MDA435, prostate cancer cells called PC3, and circulating tumor cells in blood. In this chapter [81] , a QD-LED at the tip of a micromachined silicon scanning probe was built; the very small size of the QD-LED makes it usable mainly for sub-wavelength optical measurements like in the case of NSOM measurements.
Conclusions
The area of QD-LED technology has made immense strides in the past 10 years and the demand for lower price and higher efficiency devices with raised functionality will continue to lead the novelty.
Among all the emerging display and lighting technologies briefly considered in this chapter, QD-LED technologies are by far the most nascent. Like technology, it is a direct challenge to OLEDs.
In this chapter, the recent developments in applications of QD-LEDs and some QD-LEDs qualities in display and lighting applications including their color tunability, durability, and high luminescence efficiency have been reviewed and discussed.
In this work, unique features of QD-LEDs applications for fundamental research and industry which will indubitably spectacularly bring novel design possibilities for the next-generation displays and solid-state lighting in the years to come are presented.
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